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Corning Glass Works manufactures several different materials
which are being investigated for uses in rear projection
screens. Some of these materials are new such as the hollow
optical fibers while other approaches are based on more
conventional glass products. Theoretical studies are being
made to be able to specify, to the material groups in man-
ufacturing, specific characteristics needed to give these

materials the desired light scattering properties.

' I. Theoretical Studies (Mie Scattering)

<:> " Some of the materials which are being considered for
use in rear projection screens, namely the glass

ceramics, Fotoform and Fotoceram, and the sintered -

glasses, have been determined to have particle sizes

in the Mie scattering range. This means particles

from 1000 2 to over 20 microns in -diameter. The

-1light scattering characterlstlcs of these materials is
given by the Mie theory of light scatterlng( ).
r-z;lthough this theory is very general it finds primary
‘application when the size of the particle is about
<§ﬁ ‘lequal to or larger than the wavelength of the incident
)
w

\radiation.

Ypomn ) :

The important equations derived by Mie for both the
parallel and normal components of polarized light

incident on a spherical particle are

1 ® ¢ dP(x) dP (x) d’Pn(x)] .
Iy) = nEI {A“ dx +B“[x_—~-( .xa)—-cl?-'—)l e (1)
_ ol dP, (x) a’P_(x) dp. (x)
IJ.(e) - : .mEl {An [x - (1- X’)-——@—] } (2)
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where P (x) = Legendre polynomlals of order n, w1t i i “

"X = cos B, and

' aS,(p) 45 (@)
An . [(_i)n-ﬂ/n (Zm-l)] S (a) ﬁ mﬁsn(ﬂ) __Eaa;_
_. ln(ml) buf@) Ba® s M (3)
- da
‘ ~ &, v dS
B [(-1)“”/" (Zm-i)] m*S () ——éﬁ- - 80(@) —— (a)
n 1 ’
n(n+1) m°¢(a)ds(ﬁ-s(ﬁ)d¢(a) (4)
o - L
where Sn(a) = Riccati Bessel function = (%; : J +l/g(a)

)
¢n(a) = Riccati Hankel function = Sn(a)+j(—l)n( TTOL) J-n _1/2(“)

and Jn+l/2(q) and J_n_l/z(q) = Bessel functions of half

integral order.

" Thus, the only physical parameters are:

6 = angle between direction of propagation of scattered
and the reverse direction of the incident ligHt, as ‘shown

in Figure 1,

o = %Q , (5)
and |
= m*q = a(m-3jk), o (6)
where D= dlamete;uof”soher;cal_ggggégﬁ

A = wavelength of incident radiation in
surrounding media

m = index of refraction of particle relative
e

to_surrounding.media

k = extinction coefficient of the particle™™
_ material
j=J/-1.

CONFiLLRE AL
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[

SCATTERING PARTICLE

le
4

: DIRECTION OF MAGNETK FIELD
- DIRECTION GF ELECTRIC FIELD

@ : " DIRECTION_OF INCIDENY BEAM OF UXIT
;' INTENSITY
Figure 1

To solve any given problem requires tables of the real

and imaginary parts of Ay and B and tables of the

Legendre polynomials and their flrst derlvatlves(2 6).
These are then combined using a desk calculator or

, preferably a large digital computer into values of’I”(e)

<:> and I (p) from which £he angular distribution function

I(g) is obtained

() = I,(8) + I,()

e (7)

- where the scattering coefficient, i. e., the ratio of
the scattering cross section to the geometrical cross

section is,

Koar E Gmr (Al [Bal0

CONEIBENTIAL
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(7) suggested that Equations (1) and (2) could be

Hartel
simplified in form by the repeated use of recurrence
relationships between the derivatives and products of
Legendre polynomials. Recently Chu and Churchill

succeeded in rearranging the Mie equatlons for the angular
distribution of radiation scattered by’ nonabsorbing spheres

in terms of a series of Legendre polynomials(S),

£(6) = % 5, nl®,B)P_ (cosd) = -4-1- Xl- aZ anPn(cosa:), ' (9)

where the coefficients, a ., are functions of o and

but not of the angle and are given by

Qe Ly j&ﬂ&ﬂbﬂkﬂmﬁ - N -
“Wm 353 ki’n( ) {‘2"“1’ [ 5% ,.] :kn""sk * "jkn"sk } "(10) |
where
= '{o for f#k;
8, = . ‘
I Y for 3 Kk (11)
| Wik = 'Re(Aj)Re(A'k) + Im(AJ-)Em(Ak) + Re(Bj)Re(EK) + Im(Bj)Im(Bk) , ’ (12) . 2 ;
VJk = Re(A )Re(Bk) + Im(A )Im(Bk) + Re(BJ)Re Ak) + Im(EJ) _ (13)
. ijn = 0 if j;nkmn#Zx‘, r=0.; 2..‘ (14)
- : : (15)
(LJ+n=K(k+n-Dj+ k- n)((_iLkiE )8
¥ikn ® 2

o (A T

Hj+4kenn2r, r=0,1,2k
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kn =0, M jek-ne#2r+d, £=0,1,20k,

v
e+ e wn s PR, S . (16)
\:34
and
(17)
v (n+ DG+ k- n)(j“‘ k”)(““‘ ~§+ Def+n-ke Dizken-J+ 1)(j+ k-n- 1)(1-};—-——-”{”4})
jkn =
ietrne ] [+ ) (R BRI
LT TATE M fekensZesl, ra0loek,
where Im = Imaginary Part, : - T
O Re = Real part,

factorial.

L

The advanﬁage of expressing the angular distribution of
intensity in the form of Equation (9) rather than Equations
(1) and (2) is obvious. The intensity at any angle for
Which the Legendre polynomials are available can be com-
puted from a set of coefficients for a given o and m. '
In general, the number of significant terms in the series
is about equal to 2¢. The Legendre polynomials are
available at one-degree intervals, and their behavior is
<:> - betfer known ‘and interpolation with respect to_éngle can
' be done more accurately than with I, and I$; I(s) or the
tabulated derivatives of the polynomials. Interpolation
with respect to o and # 1is also easier with the
coefficients, a, than with I, and I, or I(s) and need

be carried out but once for all angles.

Additional advantages of the representation of the angular
distribution of scattered raaiation by Equation (9) can be
noted. The power scattered into any region, and in part-
icular into the forward and backward hemisphere, can be

obtained by simple analytical integration. By assuming

CONFIDENTIAL
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that a particle receives power only from adJacent
particles having the same multiple-scattering
distribution, Hartel developed the following eguation
in terms of the same coefficients, a,. for the angular
distribution of the k-th scattered radiation in a dense

dispersion:

ak .
fk(e) = [1+ z , @n+ 1) - pn(COSO)]. (18)

As complex as Equations (9-17) look, it “is much simplier to

evaluate (9) than Equations (1) and (2) because only values
(9-11)

O

of Al and P (cos 8) are required and are available
However the tables of A, and P, (cos eb are very limited
whlle the tables of AL and Bn are by far more complete, i.
e., they are finer divisions of o and m and they cover a
larger range of particle sizes. Therefore, we will use
the Mie equations for single scettering investigation and
to obtain data for which tables of anghlar coefficients
do not exist; we will utilize the angular coefficients

primarily for a study of multiple scatFering.

f Thus far a computer program to computeiln(e),Il(e),(IH(Q)+Ii(e))/2
(:) . and the percent polarization, has been written and tested.
This has been used to cdmpute the scattering function for
m= 1.20, a =1, 2, 3, 5, 8, and 10. Some of the output
data is given in the data appendix. The negative sign
in the percent polarization column'indﬁcates the light is
polarized normal to the plane the angle 8 is measured ‘in.

The computer program also computes the screen efficiency,

EFE

EFF%LAwhlch is the ratio of the 1ntens1ty scattered into

the forward bhemisphere to the 1nc1dent\1nten81ty I
7

1 o
= 'fg fﬂ/21(8) ds

1

CONFIBERTIAL
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It is convenient to normalize the scattering function t67

reflect the ratio of the intensity of light scattered by
a given particle, as a function of angle, to a perfect |6A’N
diffusor which radiates uniformly in all directions.
This ratio is called Gain and‘is defined as [
i -~

.
Gain (m,q,8) = 2

A pm (20)

T ‘FO I(ml(},/e) as
These computations were also made and the gain character-
istics of the light scattering functions are given as the
second page of the computer print out. The angular gain

€:§ characteristics for several different particle sizes are

given in Figure 2.

Another parameter of intefest is the relation betweennéain,
at 6 = 0, and @, Figure 3. This is a simplier measure .
of the scattering function and easier to consider in \
relation to other parameters. The efficiency of different
materials made up of particles of various sizes are given
in Figure 4. It is surprising that these materials appear
to be so efficient at such low values of ¢ and gain,
Figure 5. This indicates that if the light scattering
c:) properties of screens made from these particles are not
significantly different from the single particle character-
istics it may be possible to manufactur highly efficient
screens which have broad viewing angles and are relatively
_insensitive to ambient light. Obviously a complete
analysis and discussion of volume Mie scattering must be

left to later when more data is available.

This type of analysis will be carried out next period. We
also expect to be able to start a study of multiple
scattering and determine the major characteristics of it,

in terms of materials and viewing parameters.

- CONFIDENTIAL
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In the final report covering the second phase of our
program devoted to theoretical studies, Mie scattering
will be outlined in greater detail. We will also

include a complete discussion of the results obtained
using the computer programs. Throughout this study
emphasis will be on applying these results and generating
requirements for samples of various materials from our

manufacturing facilities.

IT. CGW Materials

A. Hollow Fibers

- We have begun to experimentaliy investigate the
C:} plating of hollow fibers. This work is being
done in conjunction with the Microcircuits Group,
in the Raleigh facility, who have much of the -

necessary technology.

Samples of individual fibers, Figure 6a, 6b, as

well as a small array, Figure 6c, have been supplied

to this group for preliminary investigations.. More

fibers and fiber arrays will be requested next

period'to continue this work. Results of the ‘

feasibility of placing highly reflective coatings
G:D in small diameter tubes are expected by the end of

the quarter.

In addition to the vapof plating techniques already

(12) others will be tried. One involves

described
the floating of millimicron sized metallic particles
into the tubes using ether or a similiar inert
reagent. By heating the tubes in a RF field the
carrier liquid will evaporate and the metal vapor

will "condense'" on the walls.

B. Porous Vycor

Photomicrographs of the samples delivered sometime

ago were made at our facility in Corning, New York.

CONFIDENTIAL
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Figure 7 shows a top view, at a magnification of
'625x. The larger pores produced by leaching the
glass are clearly visible, as they are in cross
sectional views in Figures 7b at 310x and 7c¢ at..
625x. Most of the particles responsible for the
scattering are so small, about 50 to 100 Angstroms
in diameter that they are not visible. We are
waiting.further photomicrographs taken through the
electron microscope which may show particles near

this size range.

Full interpretation of these must wait for the
G other pictures as well as a detailed study of the

ones just recently obtained.

C. Other Materials o -

Next period we will obtain samples of the following

materials

1. Sintered Glass
2. Fotoform and Fotoceram
3. Glass Ceramics A
These will be investigated and used in conjunction
with thé\theoretical work to formulate specifications
e for specific materials to the manufacturing groups
in Corning, New York. ' '

ITITI. Instrumentation

A. Goniophotometer

Construction of this instrument is on schedule and

due to be completed by March 1. All of the electronics
for data processing and display are being assembled,
along with power supples and controls, into a control
console. Subsequent testing, alignment, and

calibration are scheduled to be complete by April 1.

(ONFIDENTIAL
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Figufe 7. Photomicrographs of porous Vycor brand
glass, a, 625x; Db, 310x:; ¢, 625x.
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Modulation Transfer Function Analyzer

Design has sLarted on the instrument to make the
sine-wave targeu. éeveral different types of light
modulating teghnlques have been investigated for
this application. One optical system is shown

schematicaily in Figure 8.

Light from the laser, which is polarlzeg is divided
into two 'beam by the first beamsplitter. Each passes
through a polarizing filter which attenuates that
particular beam depending on the orientation of its
axis with the direction of polarization of the laser

beam, i. e.,

I(g) = K. IO- Cos 6§

where I(f) is the intensity through the filter depending
on the angle, 6, between the direction of poiarization(
of the light and the axis of the fiiter; K is a
correction for the neﬁtral density of the filter

regardless of polarization.
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Thus to sinusoidally modulate a beam only requires
the polarizing filter be rotated at a constant
angular speed g. The fregquency of the modulated
light Wy will be just 2w.

The‘other beam is used to add a constant light level
to this modulated signal thereby setting the
operating pcint on the linear portion of the char-

acteristic curve of the film.

The remaining optics is used to illuminate a slit
and transfer this image onto the f£ilm. .The sine-
wave transmission pattern on the strip of film is
‘:} ! accomplished by moving it at'constant speed across
o the variable intensity slit image. The construction

of this device will start next period. -

The components for the MTF analyzer and initial

machine shop work will also begin then.

. CONFIBENTIAL
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